Parasites with complex life cycles are expected to manipulate the behaviour of their intermediate hosts (IHs), which increase their predation rate and facilitate the transmission to definitive hosts (DHs). This ability, however, is a doubleedged sword when the parasite can also be transmitted vertically in the IH. In this situation, as the manipulation of the IH behaviour increases the IH death rate, it conflicts with vertical transmission, which requires healthy and reproducing IHs. The protozoan Toxoplasma gondii, a widespread pathogen, combines both trophic and vertical transmission strategies. Is parasite manipulation of host behaviour still adaptive in this situation? We model the evolution of the IH manipulation by T. gondii to study the conflict between these two routes of transmission under different epidemiological situations. Model outputs show that manipulation is particularly advantageous for virulent strains and in epidemic situations, and that different levels of manipulation may evolve depending on the sex of the IH and the transmission routes considered. These results may help to understand the variability of strain characteristics encountered for T. gondii and may extend to other trophically transmitted parasites.
Introduction
Trophically transmitted parasites often have the ability to manipulate the behaviour of their intermediate hosts (IHs), which facilitates transmission to definitive hosts (DHs) through predation [1] [2] [3] . The potential adaptive value of indirect transmission via IHs has been explored in several studies [4] [5] [6] [7] . This evolutionary perspective helped identify conditions most favourable for the evolution of parasite manipulation under the assumption that the parasite is transmitted exclusively through predation. For example, an increase in the probability of predation of infected prey by DH hosts could help sustain parasite transmission when the density of DH hosts is low [8] . However, the adaptive nature of manipulation has also been questioned, especially when associated with high fitness costs [9] [10] [11] . These costs may be due to the physiological constraints associated with manipulation itself [12, 13] or to a higher probability of early death (because of predation by a non-host species, for example) [14, 15] . In addition, other constraints may act on the evolution of host manipulation if the pathogen can be transmitted by alternative transmission routes that conflict with trophic transmission, especially transmission routes that need the host to survive.
In this study, we explore how vertical transmission, defined as the transmission of a pathogen from a mother to its offspring before or around the time of birth, can interfere with the epidemiology and the evolution of trophically transmitted parasites. On the one hand, by enhancing the prevalence of the infection in IHs, and thus the probability of predation of infected IHs by DHs, vertical transmission increases the probability to complete the parasite life cycle. On the other hand, a potential conflict may emerge between vertical and trophic routes of transmission, because vertical transmission needs a healthy host to be efficient, whereas trophic transmission relies on the death of infected IHs through predation. This conflict has been demonstrated experimentally in a biological system where two parasite species, the microsporidia Dictyocoela sp. (roeselum) and the Acanthocephala Polymorphus minutus, which use different routes of transmission, are exploiting the same host: the amphipod Gammarus roeseli. Haine et al. [16] showed that the vertically transmitted microsporidia downregulate the manipulation induced by the trophically transmitted Acanthocephala. The protection conferred by the vertically transmitted pathogen can evolve as a consequence of the conflict arising between horizontal and vertical routes of transmission [17] . The situation, however, is less clear when the same parasite species can transmit both vertically and trophically.
Among parasites that exhibit both trophic and vertical transmission stand common species such as several helminths [18] , or protozoa such as Neospora caninum [19] and Toxoplasma gondii [20] . The latter, being one of the most widespread parasites in the world, raises important health issues as a zoonosis. The strong geographical variation observed in the risk of people [21] suggests that the transmission dynamics of T. gondii varies spatially. In particular, distinct strains are found in different areas of the world, which suggests some variation in selection pressures among these environments. Toxoplasma gondii mainly spreads through a complex life cycle, with a trophic transmission from prey IHs-including rodents-to DHs (i.e. felids; mainly domestic cats, Felis catus).
Toxoplasma gondii infection is reported to alter behaviour in rodents [22, 23] . In particular, the innate aversion of rodents to cat odours is turned into an attraction [24, 25] . Interestingly, some studies showed that this modification of the perception of cat odours does not alter the behavioural responses associated with other predator and non-predator odours [24] [25] [26] . As a consequence, behavioural manipulation in rodents could be expected to specifically increase predation of infected rodents by cats. However, Worth et al. [27] highlighted inconsistencies between effects of T. gondii behavioural manipulation: while some studies reported behavioural modifications specific to cat stimuli [24] [25] [26] , others showed unspecific modification in activity and anxiety levels [22, 23] , with sometimes conflicting results. Moreover, Kannan et al. [28] showed differences in the duration of the behavioural modification in mice between two T. gondii strains. These inconsistencies could result from the characteristics of host used in experiments, and the relevance of laboratory experiments regarding the behaviour of wildliving hosts may be questioned. Nevertheless, they show that manipulation can vary in its intensity and expression; thus it is possible that differences in selective pressures for manipulation occur among strain/host systems. Moreover, the magnitude of the impact of modification of IH behaviour on parasite spread in different epidemiological situations has never been measured.
Toxoplasma gondii may also be transmitted through vertical transmission in IHs. The effect of vertical transmission on the overall spread of the parasite is not clear as its magnitude may depend on the host species or strain, as well as on the parasite strain. In captive and chronically infected house mice Mus musculus and field mice Apodemus sylvaticus, more than 80% of pups were infected [29] . In a natural population of house mice, vertical transmission occurred in 75% of pregnancies [30] . On the contrary, in BALB/c laboratory mice, and in other species such as rats Rattus sp. and hamsters Mesocricetus auratus, vertical transmission occurs essentially when infection is acquired during pregnancy, but is less likely in chronically infected individuals [31] [32] [33] . Also, a recent study showed that the parasite can be sexually transmitted in rats from males to females [34] . If this route of transmission proves to be common, then enhanced predation via behavioural manipulation could also conflict with sexual transmission. Finally, T. gondii also exhibits different levels of virulence in IHs. Virulence in laboratory mice varies according to parasite strain: with highly virulent strains, a single oocyst may kill a mouse within 10 days (LD 100 ¼ one parasite), whereas the 50% lethal doses are above 10 2 parasites for strains with low virulence [35, 36] . Notably, the virulence observed in laboratory mice may not apply to other IH species: some mice-virulent strains may be avirulent for rats [35] .
Here, we develop and analyse a model of the epidemiology and evolution of T. gondii. First, we study how manipulation of the IHs and vertical transmission affect the epidemiology of this system through their effects on the basic reproductive ratio R 0 of T. gondii. Then, we analyse the evolution of manipulation of IH behaviour under different epidemiological scenarios. We show that the selection acting on this trait may vary between an epidemic and an endemic state. We also study the prediction that the manipulation of the IH should be sex-specific, because only females transmit the disease vertically. Males should exhibit higher rates of behavioural manipulation than females, except when sexual transmission from male to female may offer yet another route of transmission for the parasite. We discuss all these theoretical predictions in the light of available experimental and empirical data on T. gondii.
Epidemiological model
The model is based on T. gondii transmission, and represents the complex life cycle with trophic transmission and vertical transmission in IHs: felids (DHs) excrete oocysts in the environment through their faeces; rodents (IHs) are contaminated by sporulated oocysts or vertical transmission; DHs get infected by preying upon infected prey (figure 1). The model follows Lélu et al. [37] after modifying the environmental contamination [38] and neglecting the possibility of direct transmission from environment to DHs. The DH population is split into three compartments: S 1 , I 1 and R 1 (with
, representing the numbers of susceptible, infectious and immune DHs, respectively. Within a limited period of time, infectious DHs excrete millions of oocysts that sporulate in the environment and become infectious for IHs. In the environment, E represents the quantity of cat faeces contaminated by oocysts of the parasite. The IH population is divided into two compartments, S 2 and I 2 (with N 2 ¼ S 2 þ I 2 ), representing the numbers of susceptible and infected prey, respectively.
The total population size of each type of host is denoted by N i , with i ¼ 1 or 2 for DHs and IHs, respectively. The total population size depends on the birth rate b i, the mortality rate m i , the intrinsic growth rate r i ¼ (b i 2 m i ) and the carrying capacity K i . The parameter k i measures the intensity of densitydependent competition on mortality k i ¼ r i /K i . In the prey dynamics, a mortality term owing to predation by cats is added and represented by a Lotka-Volterra (i.e. type I) functional response to predation [39, 40] . This term is denoted by aN 2 , with a being the predation rate. Cats become infected by ingesting an infected prey I 2 with a probability of infection g. Infected cats I 1 spread oocysts at a rate l in the environment, and oocysts die at a rate d. A susceptible prey can become infected through contacts with the contaminated environment E, at a rate b 2 . Infected DHs can recover and reach compartment R 1 at a rate g but do not suffer additional mortality following infection (i.e. no parasite virulence on the DH). As a consequence, the total population size of the DH remains constant and equal to N 1 ¼ K 1 . By contrast, infection of the IH is assumed to induce an increase in the mortality by a constant rate a 2 , measuring parasite virulence on the IH, and the equilibrium population size of the IH varies as a function of these additional sources of mortality.
Manipulation of IH behaviour is assumed to increase the predation of infected rodents by DHs. As a result, the incidence function that was ðgaS 1 I 2 N 2 Þ=ðN 2 Þ without manipulation [37] becomes ðgaS 1 N 2 zI 2 Þ=ðS 2 þ zI 2 Þ, with z being the intensity of manipulation. Vertical transmission is assumed to occur in infected IHs only, and the parameter p 2 stands for the proportion of infected offspring produced by an infected IH. The above life cycle yields the following system of ordinary differential equations:
ð2:1Þ
, assuming cat population has reached its equilibrium (see [37] ). Table S1 in the electronic supplementary material lists the different parameters and details their default (or range of) values together with some references where these parameters have been estimated for T. gondii.
How does manipulation affect the basic reproductive ratio R 0 ?
The basic reproductive ratio R 0 represents the average number of secondary cases caused by a single infectious individual introduced in a fully susceptible population [41] . For multihost parasites, R 0 is thus a synthetic parameter that accounts for the potential of spread of a parasite at the beginning of an epidemic. Here, we analyse how manipulation, vertical transmission and virulence affect this quantity. R 0 is a complex but increasing function of two components, R 0T and R 0V , which are the basic reproductive ratios resulting from trophic transmission and vertical transmission, respectively (see the electronic supplementary material, appendix S2A):
where
represents the population size of prey at the disease-free equilibrium.
The number of secondary cases resulting from vertical transmission, R 0V , always increases with vertical transmission p 2 , and decreases with manipulation z (with z ! 1) or virulence a 2 . The number of secondary cases resulting from trophic transmission, R 0T , increases with manipulation and decreases with virulence a 2 . Hence, the basic reproductive ratio always decreases with lower proportions of vertical transmission p 2 , and with higher parasite virulence a 2 (figure 2). The effect of manipulation on R 0 , however, is less clear, because the parameter z affects R 0V and R 0T differently. For the default parameter values (see the electronic supplementary material, table S1), R 0 always increases with the intensity of manipulation (figure 2), except for p 2 ¼ 1 and a 2 ¼ 0, where R 0 decreases very weakly with manipulation (figure 2a, upper curve; see also electronic supplementary material, appendix S1 for other parameter values). Interestingly, although both vertical transmission and manipulation increase R 0 , the magnitude of the effect of manipulation depends on the levels of virulence and vertical transmission. In simple epidemiological models, evolution often tends to maximize the basic reproductive ratio [42] . In our model, maximizing R 0 would lead to the evolution of a maximal rate of manipulation for almost all the parameter values we consider, except for p 2 ¼ 1 and a 2 ¼ 0. In §4, we will show that these predictions are not correct, and that the understanding of the selective pressures acting on manipulation requires a more detailed description of the interplay between epidemiology and evolution.
How does manipulation evolve in interaction with the epidemiological dynamics? (a) Modelling the variations in frequency of a mutant
In order to better understand how the epidemiological dynamics feed back on the evolutionary dynamics of Figure 1 . Schematic of the model for the transmission of T. gondii. S 1 , I 1 and R 1 stand for the numbers of susceptible, infected and recovered cats, respectively. E represents the density of contaminated faeces in the environment. S 2 and I 2 stand for the numbers of susceptible and infected prey, respectively. Bold arrows and parameters represent the three traits studied: behavioural manipulation of IHs z, vertical transmission p 2 and virulence a 2 .
rspb.royalsocietypublishing.org Proc R Soc B 280: 20131143 manipulation, we follow the approach developed by Day & Gandon [43, 44] to track the change in frequency of different strains of the pathogen. System (2.1) is modified in order to allow for two pathogen strains, a wild-type (wt) and a mutant m, which only differ in their ability to manipulate IH behaviour (see the electronic supplementary material, appendix S2B). We compute the changes of the frequency of the mutant in the three different compartments of the model, I 2 refers to the frequency of the mutant in the DH, E and IH compartments, respectively:
ð4:1cÞ
to the average manipulation trait value (see the electronic supplementary material, appendix S2B). Equation (4.1a) shows that the change in frequency of the mutant in the DH compartment depends on the intensity of manipulation by the mutant (first term) and on the influx of mutants from the IH compartment (second term). In equation (4.1b), the change in frequency in E only depends on the influx of mutants from the DH compartment. In equation (4.1c), the change in frequency in the IH compartment depends on the influx of mutants from compartment E (first term) and the efflux of mutants that increased as manipulation by the mutant strain increased (second term). All these terms are weighted by the numbers of hosts in the different compartments, and this is where epidemiology feeds back on the evolutionary outcome.
Therefore, increasing manipulation is always costly in the IH compartment, such that if the mutant manipulates more than the wild-type, then ðz m À z Þ is positive and there will be an efflux of mutant from the IH compartment. This efflux, however, will feed back on equation (4.1a), and later on equation .1c)). In the following, we show how this impact of epidemiology on evolution may explain variations in evolutionary trajectories during and after an epidemic.
(b) Understanding transient evolution
At the early stage of an epidemic, many IHs are uninfected. In this case, the first term of equation (4.1c) is going to be very high. This will induce an increase in manipulation in the short term, whatever the other parameter values of the pathogen ( figure 3a-c) . However, in the long term, the number of susceptible hosts is going to decrease, and this will reduce the selection for manipulation in the IH compartment. In particular, high rates of vertical transmission yield very high levels of prevalence, and consequently low S 2 values. In the extreme case, S 2 ¼ 0 and equation (4.1c) becomes _ p 2 ¼ ÀðaK 1 Þ=ð z Þðz m À z Þp 2 ; which is always negative when the mutant manipulates more than the wild-type. In other words, although manipulation is favoured at the onset of the epidemic, it will be selected against when the pathogen reaches an endemic state in the host population.
The potential complexity of this transient dynamics is obvious when two strains with different abilities to manipulate the IH are in competition: a non-manipulative wild-type strain with z wt ¼ 1 and a mutant strain with z m ¼ 5 ( figure 3 ). We considered a case with a high rate of vertical transmission (p 2 ¼ 0.9) and explored the effects of different levels of virulence. At the beginning of the simulation, the two strains are introduced at equal frequencies in each compartment at a low number. An epidemic arises because their R 0 is higher than 1. The pathogen spreads in each compartment and, later on, reaches a stable endemic equilibrium (figure 3d-f). When the parasite is avirulent (figure 3a) or moderately virulent (figure 3b), the frequency of the mutant transiently increases in all compartments, up to 90% after 1 year. In the long term, however, the manipulating mutant loses the competition with the wild-type. But when the parasite is very virulent (figure 3c), the mutant outcompetes the wild-type and goes to fixation. In other words, at the endemic equilibrium, the evolutionary outcome depends on the pathogen virulence. In the following, we use adaptive dynamics to find the conditions that are most favourable for the evolution of manipulation in the long term. 
(c) Predictions at the endemic equilibrium
Here, focus is on the fate of a mutant strain after the wildtype has reached an endemic equilibrium. In this situation, one can use equations (4.1a -c) to determine whether the mutant can invade or not in an endemic equilibrium set by the wild-type. An alternative is to adopt an adaptive dynamics approach that directly derives the ability of the mutant to outcompete the resident strategy (see the electronic supplementary material, appendix S2C). In both cases, if the mutant manipulates more than the wild-type (z m . z wt ), then it will outcompete the wild-type only if
The evolution of higher levels of manipulation thus requires that the rate of vertical transmission is below a threshold set by the mortality rate (including the virulence of the pathogen) and the birth rate of the IH. For the parameter values chosen to model the life cycle of T. gondii, manipulation is always selected for when virulence is above 0.06 and when vertical transmission is lower than 0.5 (figure 4a, below dashed curve). For lower virulence levels, manipulation can be counter-selected if vertical transmission is sufficiently high (figure 4a, above dashed curve).
Should manipulation differ between males and females? (a) Effect of vertical transmission
Vertical transmission occurs only from mothers to offspring, and thus the conflict between this route of transmission and manipulation may only take place in female IHs. Thus, it is likely that manipulation may evolve in males but not in females. To better formulate this hypothesis, a new version of the model distinguishes between male and female IHs where the quantities S 2F , S 2M , I 2F and I 2M refer to the numbers of females and males that are susceptible or infected, respectively. In addition, the manipulation coefficients z M and z F are allowed to differ between males and females. The sex ratio at birth is assumed to be equal to 0.5, and the birth rate from female IHs is twice the previous rate, 2 Â b 2 individuals per female per week, so that we obtain the same endemic equilibrium as the previous model ( §4c) if z M ¼ z F . The conditions leading to the invasion of a manipulating mutant in a wild-type population at an endemic equilibrium are analysed using again an adaptive dynamics approach (see the electronic supplementary material, appendix S2D). As predicted, it appears that manipulating male IHs is always selected for (figure 4a, shaded area). By contrast, the condition for the spread of a manipulating strain in females depends on the amount of vertical transmission and the mortality rate-as in (4.2)-but also on the level of manipulation of males and the densities of the different types of IHs at the endemic equilibrium (see the electronic supplementary material, appendix S4):
3Þ 
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does not alter the IH behaviour ðz
The conditions for the evolution of manipulation when the trait is not allowed to vary between males and females (unconditional manipulation) are less stringent than when manipulation only affects females (figure 4a, hatched area). As expected, the unconditional manipulation is an intermediate case that falls between the selective pressure acting on males (where maximal levels of manipulations are always selected for) and females (where manipulation is selected for under a lower range of parameter values).
(b) Effect of vertical transmission and sexual transmission
Here, we study how sexual transmission from infected males to females reported in rats [34] could modify our predictions on the evolution of sex-biased levels of manipulation. We allow the pathogen to be transmitted from males to females during mating (transmission in the opposite direction has not been documented) in a new version of our model (see the electronic supplementary material, appendix S2E). Although the thresholds of vertical transmission for males and females are complex expressions of the various parameters of the model (see the electronic supplementary material, appendix S2E, equations (E2) and (E3)), it is notable that the evolution of manipulation in one sex depends on the level of manipulation in the other sex. We numerically identify the situations that select for manipulation in males and females assuming a resident population that does not manipulate females and males (figure 4b). Interestingly, we find that the combination of vertical transmission and sexual transmission decreases the conditions for the evolution of manipulation in both males and females. In fact, with sexual transmission, the conditions for the evolution of manipulation become very similar in males and females. When virulence is very low, females may evolve higher rates of manipulation than males. By contrast, when virulence is very high, females may evolve lower rates of manipulation than males. However, the position of the curves depends on the parameter values; in particular, on the opportunities for sexual transmission (see the electronic supplementary material, appendix S2E for predictions with different mating rates).
Discussion
The aim of this study was to investigate the interplay between manipulation of IH behaviour, vertical transmission and virulence at the epidemiological and evolutionary scales. We developed a model, inspired by the life cycle of the parasite T. gondii, which considers trophic transmission from IHs to DHs facilitated by behavioural manipulation, vertical transmission and virulence in the IHs. Note that we assumed no constraint between the different life history traits. In particular, manipulation was considered only to increase predation by the DH predator. The model showed that manipulation was not always selected even in the favourable case where there is no direct physiological cost associated with the evolution of this behavioural modification. The evolution of this trait depends on the epidemiological dynamics, on the level of virulence in the IH and on the existence of other transmission routes (i.e. vertical transmission, sexual transmission) for the pathogen. We first focused on the interaction between trophic transmission and vertical transmission on the basic reproductive ratio R 0 measuring the epidemic potential of a parasite in a fully susceptible host population. A conflict between behavioural manipulation and vertical transmission was observed in R 0 analysis: increasing manipulation may increase the contribution of trophic transmission to R 0 but decreases the contribution of vertical transmission (see also [38] ). With the chosen parameter values, which lie in the range of values estimated from field and experimental conditions (see the electronic supplementary material, table S1), R 0 was almost always increased by higher levels of behavioural manipulation (but see electronic supplementary material, appendix S2A).
Then, we studied the evolutionary epidemiology of manipulation. Behavioural manipulation results in a direct , and a mutant parasite manipulating the behaviour of female IHs, z F m . 1, invades a wild-type population without behavioural manipulation in both male and female IHs at equilibrium,
. In this latter case, behavioural manipulation is always selected in males and is represented by the shaded area in (a). Allowing sexual transmission from male to female in IHs (b) decreases the conditions for the evolution of manipulation in males (shaded area) and in females (hatched area). Note that these latter curves are obtained assuming no manipulation of the IH behaviour in both resident and mutant, i.e.
fitness cost for the parasite because it increases the IH death rate. But it also indirectly promotes parasite transmission via the DHs, to the environment and back to the IHs. The outcome of the conflict between these direct and indirect effects of behavioural manipulation depends both on the epidemiological dynamics and on the levels of vertical transmission and virulence. At the beginning of an epidemic, increasing behavioural manipulation is always favoured. By contrast, when the parasite has reached an endemic equilibrium, the manipulation of the IH can be selected against. This is particularly true with avirulent parasites that are highly efficient in vertical transmission. In these cases, trophic transmission does not compensate the loss of infected IHs that would have spread the parasite vertically, thus manipulation is of moderate interest. Interestingly, in these situations, decreasing the level of behavioural manipulation below unity could be favoured. Thus, predation avoidance could be favoured not only to enable a parasite to mature in its IHs [6] but also to protect the IHs when vertical transmission is relatively important compared with the horizontal trophic transmission [17, 38] .
Our model allowed us to study when behavioural manipulation is expected to evolve differentially in male and female IHs. Our analysis shows that, with vertical transmission, behavioural manipulation of male IHs is always selected for, whereas manipulation of females depends on various parameters of the models. This result confirms the hypothesis developed by Duneau & Ebert [45] that parasites could evolve following different strategies in males and females hosts. Interestingly, allowing for sexual transmission from male to female adds a cost of behavioural manipulation in males, because predation of infected males prevents sexual transmission. In this case, the cost of vertical transmission (in females) and the cost of sexual transmission (in males) may balance each other and result in the evolution of similar manipulation strategies in males and females. The intersection of the threshold curves in males and in females (figure 4b) illustrates that our model can favour higher levels of manipulation either in males or in females, depending on the relative strength of vertical and sexual transmission. As the evolution of manipulation in males and females are interdependent (see equation (4.3) in the main text, equations (E2) and (E3) in the electronic supplementary material, appendix S2E), an interesting perspective would be to study the coevolution of these two traits.
(a) Theoretical perspectives
For the sake of simplicity, we assumed that only behavioural manipulation of IH is allowed to evolve in our model. In particular, we did not consider the possible correlated evolutionary response in other life-history traits of the parasite (e.g. vertical transmission, virulence). One may imagine a negative trade-off between these traits: a parasite investing in trophic transmission may allocate less in vertical transmission. Thus, behavioural manipulation (i.e. z) that impacts trophic transmission and vertical transmission (i.e. p 2 ) could evolve simultaneously depending on the opportunity for each transmission routes. Other trade-offs could be considered. For example, in mice, highly virulent strains of T. gondii were associated with enhanced migration of the parasite across biological barriers, such as the intestinal epithelium, the placenta and the blood-brain barrier [46] [47] [48] . This could suggest that behavioural manipulation, vertical transmission and virulence are positively correlated for T. gondii. In this case, one may expect the evolution of these life-history traits of the parasite towards an intermediate value of behavioural manipulation, vertical transmission and virulence. These different scenarios could be investigated using the general model presented in electronic supplementary material, appendix S2B, which considers behavioural manipulation, vertical transmission and virulence to vary between strains.
(b) Predictions and perspectives applied to Toxoplasma gondii
Our results are relevant for any parasite combining trophic transmission and vertical transmission. But the parameter values were meant to model the life cycle of T. gondii. This parasite exhibits different levels of virulence and vertical transmission according to the host species and parasite strains. Type II strains are usually associated with low virulence in IHs such as mice, and are the most common in Europe and North America [49] [50] [51] . Moreover, some strains have demonstrated high vertical transmission rate in house and field mice, with vertical transmission occurring in 75% of pregnancies and above 80% of pups infected [29, 30] . Thus, our theoretical analysis predicts that these strains may have evolved towards minimal or absence of behavioural manipulation. By contrast, other type II strains demonstrated vertical transmission rates below 10% in rats, hamsters and BALB/c laboratory mice [31] [32] [33] . Our analysis predicts that these latter strains should evolve towards higher levels of behavioural manipulation of the IHs. This prediction remains to be tested, because no study compared the ability of different strains to be transmitted by different routes, using the same host species. Interestingly, the two type II strains PRU and Me-49, with low virulence and low efficiency in vertical transmission [32, 33] , were reported to manipulate the behaviour of rats and mice [25, 26, 28] . In South America, recombinant or atypical strains, more virulent for mice, are reported (for reviews, see [35, 36] ). Our model would predict the evolution of high levels of manipulation in this case. However, manipulation of mice by a highly virulent strain may not be testable, because the infected mice often die from infection within 10 days. Moreover, mice are not the main IHs in South America's ecosystems where the parasite circulates in both domestic and wild systems, with numerous and varied host species, both for IH and DH [52] . Whether these strains are also virulent for wild IHs, and whether they are efficiently transmitted vertically, remain to be tested, and this information would complete our knowledge on the relationship between T. gondii transmission traits. In addition, the variability of host species may play an important role in the evolution of behavioural manipulation, vertical transmission and virulence. According to the physiology of the locally available IH species, different levels of virulence may be selected, and different strategies of transmission could thus be favoured. Further theoretical and experimental studies on the transmission routes and virulence of T. gondii are needed to investigate the potential link between these traits and the level of behavioural manipulation. Lastly, our model predicts differential manipulation of males and females IHs with strains of low virulence that are efficiently vertically transmitted. Unfortunately, there are little data available to test this hypothesis in T. gondii.
Vyas et al. [25] and Kannan et al. [28] found evidence of behavioural manipulation in female laboratory mice infected with this parasite, whereas Webster et al. [23] did not find any difference between male and female behaviour of infected rats. To the best of our knowledge, the study of Xiao et al. [53] is the only one that specifically tested whether male and female IHs are differentially manipulated. The authors showed that females were more attracted by cat odour than males. In our model, the only situation where pathogens evolve higher rates of manipulation in females occurs when the pathogen can transmit sexually from males to females (figure 4b). Interestingly, Xiao et al. [53] used the same PRU strain as Dass et al. [34] , who demonstrated the possibility of sexual transmission. It would be particularly interesting to assess experimentally our predictions of male-biased manipulation in other biological systems with no sexual transmission.
